Abstract-Different methods for analyzing the sensitivity of the direct signal transduction pathway of receptor-induced apoptosis to parameter changes are presented. Apoptosis is a form of programmed cell death, removing unwanted cells within multicellular organisms to maintain a proper balance between cell reproduction and death. The results indicate the importance of controlling activated caspases by direct inhibition to prevent apoptosis. A misregulation of IAP molecules, one of the main inhibitors, appears to be especially critical. The results indicate how an increased production of this molecule promotes survival and might promote cancer progression, while a reduced degradation might not, thereby providing insight of potential pharmaceutical relevance and also stimulating experimental verification. The different engineering methods applied, nicely complement each other to provide valuable insight into this important process. Because IAPs, among others, are also an important connection to other signaling pathways, the results will enable a more efficient extension of the current model. This is outlined at the example of Tumor Necrosis Factor induced signaling pathways.
systems. Then, the interplay of engineering and biology is promising to not only enable a deeper understanding of the molecular basis of life, but to inspire new ideas that can also be applied to more generic technical systems.
In this paper, we describe approaches to model the intracellular signal transduction pathways elicited by the cytokine (i.e. hormone like molecule) Tumor Necrosis Factor (TNF) focusing on the pathway leading to apoptosis (programmed cell death) [6] [7] [8] [9] . TNF activates several signal transduction pathways, which interact in a dynamic network. These pathways are also relevant in other signal transduction processes and for TNF itself, are of high pharmaceutical interest. Misregulation is implicated in severe pathological alterations including developmental defects, autoimmune diseases, neurodegeneration and cancer [10] .
In the adult human TNF plays a key role in the activation and coordination of responses of the immune system. Focusing on the molecular level, TNF induces its cellular functions by binding to specific membrane standing receptors of the target cell (Fig. 1 ). These receptors propagate the signal through the plasma membrane. Via additional adaptor proteins mainly three pathways are activated, i.e. the NF B (nuclear factor kappa B) pathway, the apoptotic pathway and the Jun N-terminal kinase (JNK) pathway. NF B is a transcription factor important in inflammatory responses. Interestingly, it also up-regulates proteins which antagonize the apoptotic pathway elicited in parallel. Apoptosis is a form of programmed cell death and involves a suicide program resulting in the controlled degradation of the cell without evoking inflammation. Apoptosis therefore can be regarded as an altruistic cell death for the sake of the whole organism [11] . It can be triggered intrinsically by cellular malfunction or extrinsically by death receptors of the TNF superfamily. The extrinsic pathway either proceeds directly (in so-called Type I cells) or utilizes a feed forward loop involving the mitochondria (in so-called Type II cells) [12, 13] . The function of the JNK pathway remains contradictory and is not further investigated in this study [8] .
Although many details about TNF and the pathways it activates are known, evidenced by about 100.000 relevant entries in literature databases, a deep understanding of the underlying signaling system is missing. As many positive and negative feedback loops are involved in the signaling process, mathematical modeling is promising to contribute to a detailed elucidation. However, mathematical modeling has only recently been applied to the involved pathways, either focusing on a reproduction of the overall behavior [14] [15] [16] [17] , or working out certain characteristics in more detail [18] [19] [20] [21] .
We have here employed different kinds of sensitivity analyses to gain a deeper understanding of a previously published model for the direct pathway of receptor induced apoptosis [19] . Sensitivity analysis can also indicate biological effects of mutations or drugs, both altering system parameters. Using simulation studies with changed parameter values we focus on the above mentioned connections to the NF B pathway, demonstrating that the connecting molecules have a strong influence in the cellular decision regarding life or death. We complement these studies by evaluating the effect of modifying each system parameter over four decades on characteristic system responses. These analyses show that the connections to the NF B pathway are among the most influential parameters of the system. While the latter two studies have been limited to analyze the sensitivity of the output, we further use local sensitivity analyses of a characteristic steady state behavior for all states and parameters to provide on overview for the whole system. Although limited by the linear approximations employed, these analyses supplement and extend our results to provide a detailed insight into the mathematical model and the biological process it characterizes.
II. MODELING AND SIMULATION RESULTS OF THE APOPTOTIC CORE

A. Biological Model Description
As described above, TNF binds to its corresponding receptors on the cellular surface (Fig. 1) . The first signaling complex formed activates the NF B pathway whose main steps are the activation of the inhibitor of B kinase (IKK), which then phosphorylates the inhibitor of B (I B) marking it for proteasomal degradation, thereby liberating NF B which rapidly translocates into the nucleus to activate transcription of many genes. The nucleo-cytoplasmic shuttling has been shown to be important and is, together with the negative feedback imposed by the up-regulation of its own inhibitor, responsible for oscillations in the nuclear pool of NF B [20, 22] .
After the internalization of the receptor a second signaling complex is formed, which is able to activate receptor associated upstream pro-caspases (summarized here by C8 in the pro-form and C8a in the activated form). This molecule belongs to the family of caspases, which are at the heart of apoptosis. All caspases are produced as inactive zymogens (pro-proteases) being activated by proteolytic cleavage to yield the active enzyme which itself can cleave further proteins. The substrates of C8a are limited, an important one being the molecule Bid, which subsequently activates the mitochondrial pathway of apoptosis leading to cytochrome c release from the mitochondria and finally to the activation of executioner caspases via the apoptosome, as recently modeled in [18] . As mentioned before, in Type I cells C8a directly activates the executioner caspases (summarized here by C3 in the pro-form and C3a in the active form).
The mathematical model for the direct activation of the executioner caspases consists of the reactions numbered in Fig. 1 [19] . In short, C8a, in general derived from activated death receptor complexes, serves as an input. The mutual activation of caspase 8 and 3 constitutes a positive feedback loop (v1 and v2). C3a serves as an apoptosis marker (output) as this molecule cleaves many cellular targets critical for function, and a high level of irreversible activation commits a cell to die. This process is inhibited by different inhibitor of apoptosis proteins (summarized here by IAP, v3), whereby C3a in parallel can also cleave and inactivate its own inhibitors (v4). In addition, an inhibition of C8a (v11) is considered. Although the exact nature and kinetics of this reaction remain to be established, there are both theoretical and experimental evidence arguing for its presence [19, 23, 24] . Finally, a turnover is introduced for all molecular species (v5-10, v12-13).
B. Mathematical Model Description
The model was formulated as a set of ordinary differential equations (ODEs) using mass action kinetics and the mass balance approach. The stochastic nature can to a wide extent be neglected as was shown previously [24] . Overall, the 
model describes the dynamic behavior of 8 components and includes 13 reactions. This yields 13 independent parameters, for which experimental data are generally available. The parameters corresponding to protein production were chosen to provide a steady state for given degradation rates and initial conditions with zero input. The input was realized by assigning corresponding initial conditions to C8a mimicking a pulse stimulus. See Fig. 1 legend for more details. [19] . The first is that for some minor levels of initial caspase activation no significant activation of C3 takes place. This threshold behavior is very important in the real system to avoid accidental apoptosis by random activation of some molecules of C8. For a C8a input strength above this threshold the system undergoes a lag phase. The length of this decision phase is inversely proportional to the input strength. Then, an activation phase follows, where the majorities of caspase 3 (and 8, not shown) are activated within minutes, nicely matching experimental data obtained from single cell measurements [25] . After the peaking of the caspase activities, they finally settle to a high steady state value. Here, the model obviously looses its validity, as there follow many additional processes not considered.
C. Simulation Results
The continuously increasing input is converted into an allor-none discrete output signal. From the system sciences point of view, a bistable switching behavior between two stable steady states is obtained. The "life steady" state corresponds to no activated caspases. In the "death steady state" the almost complete activation of caspases leads to cell death. The areas of attraction of the two stable steady states are separated by the stable manifold of the unstable steady state [26] .
III. ANALYSIS USING IN SILICO EXPERIMENTS
Having established a suitable model for the apoptotic core reactions that describes the bistable behavior, we evaluated how this behavior depends on the initial conditions and kinetic parameter values.
A. NF B crosstalk and Inhibitor in silico mutation
To reveal the relevance of the cross talking inhibitors IAP and FLIP (FLice Inhibitory Protein) simulation studies were performed with modified protein concentrations. In the biological system, this modification of protein concentrations is controlled by the transcription factor NF B, which is also activated by the TNF receptor complex as described above. Therefore, the IAP and FLIP levels are potential key signals linking pro-and anti-apoptotic pathways (crosstalk).
Changed FLIP levels directly affect the input, and the input dependent threshold behavior has already been discussed above in part. Altered IAP concentrations were simulated by changing the initial condition and the respective production rate constant to give a steady state with zero input to account for altered gene expression.
As can be seen in Fig. 2 the effects of a two fold up-or down-regulation (Fig. 2 .C or B respectively) of the effector caspase inhibitor IAP are strong. A down-regulation leads to an earlier onset of significant effector caspase activation for comparable inputs. Both the peak and the death steady state level of activated caspases are increased. Further, the threshold below which no caspase activation occurs virtually vanishes (below one molecule C8a input). This is in contrast to XIAP knock out mice, which hardly show a phenotype. However, this can be explained by the redundancy of IAP molecules in vivo, represented as a single pool in silico [27] . The up-regulation almost completely abolishes effector caspase activation even for high inputs, only allowing a temporal activation of a much lower magnitude. Not only the peak but especially the death steady state level of activated caspases is decreased yielding a signal that is almost only transient (almost returning to zero C3a). This is interesting as it not only shows how cells can be protected against weaker apoptotic signals, but it also indicates that for large inputs temporarily restricted caspase activation can occur. It is known that in certain cancers IAP proteins are up-regulated [28] . This might not only prevent the efficient removal of cancerous cells, but when encountering strong apoptotic triggers these cells might be damaged by partial caspase activation. Partial executioner caspase activation might lead to partial DNA cleavage favoring further mutations or to damages in the cytoskeleton potentially making the tumor cell more invasive, both being hallmarks of cancer progression [29] .
Modifying the level of the third inhibitor CARP, which might as well be controlled by NF B, qualitatively yields the same results (not shown). The inhibitors strongly shift the input dependent threshold up or down, depending on whether they are up-or down-regulated, respectively. Therefore, NF B can efficiently influence the apoptotic outcome.
The simulations clearly indicate an important role for IAP molecules in controlling the apoptotic pathway. In addition, they indicate how these molecules might contribute to cancer progression. Further, the simulation studies can not only hint to the effects of NF B but also indicate what effects mutations or pharmaceutical effectors, i.e. drugs might have. Therefore, we would like to extend these studies to all possible reactions and components in the apoptotic pathway.
B. Wide range parameter sensitivity analysis
While the previous studies were able to provide a dynamic and clear insight into the system behavior when certain system properties are altered, the approach is cumbersome to provide a survey for the effects of all different rates and components. Therefore, we employed a systematic analysis for all systems parameters. Fig. 3 shows how certain output characteristics change when varying a kinetic parameter or an initial condition. When varying an initial condition, in addition either the degradation rate constants or the production rate constants had been varied accordingly (denoted by the subscript "deg" and "prod" respectively) to achieve a steady state without input. For parameter changes the ratio was kept constant (i.e. only the forward rates had been varied and if the reactions were reversible, the back rates had been changed in the respective way to preserve the ratio). Compared to the previous studies, we kept the input signal constant at 5000 molecules/cell. As output characteristics we did not evaluate the whole time trajectories but chose a) the time until the number of activated effector caspases exceeds 500 molecules/cell (t(C3a>500)) corresponding to the length of the lag phase, b) the number of caspase molecules at the end of the simulation corresponding to either the life or death steady state depending on whether the input signal is above or below the threshold for the given conditions (C3a(t end =10^5 min)) and c) the maximal effector caspase activation achieved (C3a max ). Both, the fold parameter or initial condition change as well as the output characteristic, were normalized to the nominal system (i.e. all curves
intersect in the middle of the plot and e.g. a relative initial value of two indicates a two fold up-regulation). The choice of a double logarithmic scale was also motivated by the fact that wet lab experiments often proceed in fold changes. A 100 fold down-regulation nearly corresponds to a knock out, whereas a more than 10 fold up-regulation (although applied in certain experiments) might be considered as physiologically irrelevant. The length of the lag phase (Fig. 3, left column) is mainly determined by the kinetics of the mutual caspase activation (k 1 and k 2 ), the degradation of the activated caspaseinhibitor complexes (k 7 and k 13 ) and the turnover of IAP molecules (k 4 and k 8 ). Unexpectedly, the reactions involving the IAP binding to C3a itself (k 3 ), the reactions involving CARP, but also the caspase turnover (Fig. 3.A) only have a minor impact. The effects are clearly nonlinear and also asymmetric, i.e. a two fold up-regulation has not the quantitatively inverse effect of a two fold down-regulation. All initial conditions exert a strong effect on the length of the lag phase (Fig. 3.D) . The effect of CARP up-regulation is slightly more pronounced when compared to the effect of IAP up-regulation. This can be explained by the fact that the same inhibition kinetics were assumed, but the CARPs are inhibiting the more potent caspase. However, as pointed out in the model description, more experimental details regarding the CARP kinetics are needed to confirm this point. Interestingly, both CARP and IAP have a stronger impact on the caspase activation than the input. This points to the relevance of FLIP, and therefore its role might not be as dominant as that of the inhibitors IAP or CARP. The discontinuities at about one fifth of the nominal time for certain parameters or initial concentrations can be explained by the appearance of a second, earlier peak which is already visible in Fig. 2 for high inputs (the vertical connecting lines are plotting artifacts and not removed because they are helpful in the interpretation). This early peak is derived from the initial activation before C8a molecules become bound to the CARPs. Whether a change in the initial concentration was accompanied by a corresponding change in the production or degradation rate hardly influences the system behavior.
Regarding the final values of activated caspase 3 molecules (Fig. 3, middle column ) the parameters and initial concentrations can be divided into two groups: those that have no impact on the location of the steady states, but influence whether the life or death steady state is achieved (i.e. giving a 1 or 0 output as can be seen in the discontinuous output; again the vertical connections were not removed) and those parameters which also influence the location of the steady state. The latter group contains the rates that affect the turnover of (activated) caspase 3 molecules as well as the corresponding initial concentration (k 6 and k 10 in Fig. 3 .B, C3 prod in Fig. 3.E) . Interestingly, an up-regulation through increased expression strongly increases the final C3a value, while an up-regulation through decreased degradation reveals no such effects. This can be explained by the fact that in the apoptotic case, i.e. after a significant caspase activation was achieved, almost all caspase molecules will become activated, and while the degradation of pro-caspases is proportional to their concentration, the production is independent of this. The same effect can be seen for IAP molecules (Fig. 3.E ). An up-regulation through production lowers the final value of C3a, while an up-regulation through a reduced degradation has no impact on the final value, although at high IAP concentrations activation is completely abolished for the given input signal. This can be explained by the fact that in the apoptotic case the majority of IAP molecules are degraded by the cleavage reaction, independent of the degradation rate. This feature can also be observed in plots similar to Fig. 2 . As described the up-regulation through increased in silico expression yields an almost transient signal for high inputs. The same fold up-regulation through decreased degradation only shifts the threshold but not the principle form of the original signal (data not shown). Thus, while apoptosis prevention through increasing IAP expression might lead to pathological cell states as described above, this might not be the case if the up-regulation is achieved through a decreased degradation (e.g. through interference in the proteasomal degradation pathway) pointing to an interesting feature, that awaits experimental validation.
The maximal effector caspase activation (Fig. 3, right  column) is similarly influenced. The information in these plots can also be used to fine tune the parameters when more quantitative experimental data becomes available.
Taken together, analyzing the dependence of the systems behavior to wide range parameter variations indicates that many parameters can significantly influence the systems behavior. In that respect, the direct inhibitors of active caspases, IAP and CARP, appear especially powerful. Regarding their potential pharmaceutical role, these analyses indicate that a decreased degradation should be more desirable than an increased expression. 
C. Local parameter sensitivity analysis
So far the analyses have focused on the influence of parameters on a single output. However, molecules such as IAP members are also important in other pathways. It is therefore interesting to investigate the effects of parameter changes on other state variables. To do this, we applied a local sensitivity analysis. We evaluated the dependence of the stable apoptotic steady state (Fig. 4) to 1 % parameter changes. The sensitivities were calculated using the Matlab Systems Biology Toolbox [30] . The results provide a normalized output relative to the nominal steady state and parameter values, i.e. the sensitivity of state x i with respect to parameter p j is defined as
For the C3a-column in Fig. 4 the local sensitivities of the death steady state correspond to the tangents in Fig. 3 .B (point 1|1), although for the local analysis the parameter ratios have not been kept constant and thus a direct comparison is only possible for unidirectional reactions. Indeed, k 7, dictating the degradation speed of the C3a-IAP complex, is strongly negative in Fig. 4 and also has a steep negative slope in Fig. 3 .B. For bidirectional reactions the sum of the two local values should roughly (locally) provide results comparable to the analysis shown in Fig. 3 .B. For example, strong but opposing effects are exerted by the parameters k -8 and k -10 describing the IAP and C3 production respectively. For these, the local analysis shows that the steep slopes in Fig. 3 .B almost completely derive from the back reaction rate constant and not from the forward degradation rate constants. Opposing effects for the rate constants within one reaction can be seen for reaction 3. Although the slope in Fig. 3 .B indicates a minor impact, the local analysis reveals a strong but opposing effect of the association and dissociation constant. While unexpected before, this can now be easily understood as this reaction corresponds to the reversible inhibition of C3a by IAP molecules. A stronger binding acts anti-apoptotic lowering the concentration of C3a.
Apart from activated caspase 3, the most sensitive states are IAP and caspase 8. Regarding IAP, the most sensitive parameter is k -8 corresponding to its expression. Interestingly, C8 most strongly depends on rate constants which do not directly influence the state (k 3 , k 4 , k -8 , k -10 ). From a dynamic systems point of view, this behavior can easily be envisioned for a non-linear system containing feedback loops; however, for biologists this can provide valuable unexpected insight. Another important point to notice is that these local analyses are obviously not able to predict non-local behaviors. For example, both the local and the wide range sensitivity analysis predict that varying k 1 or k 13 will have no impact on the final C3a concentration, but only the wide range analysis shows that this is only true for a restricted parameter interval. Outside of this interval, the system completely changes its behavior.
In summary, the local analyses can nicely complement the previous studies not only providing an overview, but additional insight. The IAP molecules not only have strong impact on the output, but appear themselves to be sensitive to several parameters.
IV. OUTLOOK
Based on the mathematical model of the apoptotic core further biological and theoretical questions can be tackled.
As discussed in the introduction two apparently conflicting signaling pathways are induced by the TNF receptor complex. The main focus of our current work is directed to modeling and analysis of the whole signaling network as depicted in Fig. 1 . Therefore, a detailed mathematical model of the receptor dynamics after TNF stimulation, of the NF B signaling pathway, and of the interaction between the two pathways will be necessary. Regarding the NF B pathway some models have been published within the last years [20, 22, 31, 32] . It was shown that the form of the induced NF B signal plays an important role. Based on published models and using own experimental work, the model parameters have to be identified to fit to our experimental system. When building a large model including NF B signaling one has to pay special attention to the accurate description and experimental validation of the expression of IAP, but also of FLIP as this work further reveals the strong dependence of the system behavior on these parameters.
Based on an overall model the interplay of both pathways can be studied. One main goal is again the identification of key components and sensitive parameters. This will allow to proposal of meaningful experiments to reveal a maximum of information.
On a long term time scale, a vision of this project is to gain enough understanding about the cross talking pathways, so that it allows influencing the balance of their interplay into a desired direction. This might give some important insight for the design of specific drugs to restore the healthy balance of pro-and anti-apoptotic signaling in diseased cells. From a control engineering point of view it will also be interesting to investigate the complex regulation networks in order to detect new efficient strategies adaptable to manmade systems.
V. CONCLUSION
Our results demonstrate that local sensitivity analyses can reveal a useful overview, but also have to be complemented because they cannot capture the non-linear and asymmetric effects of parameter changes as observed. These can be captured by wide range parameter changes and in more detail by simulation studies. However, latter methods become overwhelming when used to study all state and parameter dimensions. Taken together the different methods for analyzing the sensitivity of system characteristics to parameter variations not only provide an interesting case study for the important process of apoptosis, but also illustrate how classical system theoretic methods can be applied to cellular signaling.
The model of apoptotic signals analyzed here was shown to be highly sensitive to several parameter changes. This is somewhat in contrast to observations for other biological processes [33, 34] . However, one has to keep in mind that additional processes increasing the robustness of the model have been neglected in order to enable a better insight into the principal behavior.
The results of our analysis outline the importance of controlling activated caspases for prevention of apoptosis.
Here, it appears to be more efficient to inhibit activated caspases (i.e. IAPs and CARPs) than to inhibit the activation (i.e. FLIP). Especially the role of the NF B induced IAP molecules appears to be critical in the regulation of apoptosis. The analyses also indicate how tumors might become more aggressive, suggesting strategies to prevent tumor progression. Further, the results will enable a more efficient modeling of additional pathways, as the main interaction points have been thoroughly studied here.
APPENDIX
A Matlab simulation file of the described model is available at www.sysbio.de/projects/tnf/jbc/.
